Fine-grained structures developed by cold-rolling in a 310S austenitic stainless steel have been investigated by using transmission electron microscopy (TEM). Particular emphasis is laid on the role of initial grain boundaries in the transmutation process of twin-matrix (T-M) lamellae into fine-grained structures.
Introduction
Plastic deformation in crystalline materials is intrinsically inhomogeneous. Particularly, in the vicinity of grain boundaries (GBs) of polycrystalline materials, the inhomogeneity is enhanced by the constraint that the coherency of displacement must be maintained along the grain boundary 1.2) ; that is, the grain boundaries usually do not come apart or open up. The constraint along GBs causes a local crystal rotation being different from that of the inner part of grains. Such inhomogeneous deformation along GBs has essential influences on microstructures of deformed materials and behaviors of recrystallization. [3] [4] [5] [6] In our previous work, [7] [8] [9] [10] it was shown that shear bands (SBs) have an important role in the microstructual evolution in 310S steel: when they were cold-rolled, dense twinmatrix (T-M) lamellae developed, but those lamellae were destroyed by the multiplication of SBs to evolve a finegrained structure. These features are very similar to those observed in fcc alloys such as a-brass with a very low stacking fault energy. [11] [12] [13] [14] [15] [16] [17] [18] [19] Since this microstructural evolution in cold-rolled 310S steel is a process of grain subdivision due to heavy deformation, this is thought to be closely related with the formation mechanism of ultra-fine grains produced by severe plastic deformation. [20] [21] [22] [23] [24] In the present study using 310S steel, we have found a characteristic structure with a fine-grained structure formed along initial grain boundaries, which indicates that not only shear bands but also grain boundaries must contribute to the evolution of fine-grained structures in 310S steel. However, the effect of grain boundaries on such microstructural evolution during cold-rolling has not been fully clarified yet. In the present paper, we will report the characteristics of this fine-grained structure found along initial grain boundaries in cold-rolled 310S steels to demonstrate the importance of initial grain boundaries in grain refinement during cold rolling.
Experimental Procedures
We employed a polycrystalline 310S austenitic steel whose chemical composition is shown in Table 1 . The average grain size of as-received specimens is around 100 mm, and any precipitates such as s phase were not observed. Since the g-phase of this alloy is very stable, stress-induced transformation does not occur even when it is subject to heavy cold rolling. Polycrystalline plate specimens (initial thickness: 12 mm) were rolled up to thickness reductions of 70 % (von Mises strain e vM ϭ1.4) at room temperature using a mill with 165 mm diameter rolls without lubrication.
Under such rolling condition, owing to the friction between the roll and the workpiece, the behavior of microstructural evolution near the surface of the specimen plates is generally different from that in the inner part of the plates. Sampling for TEM observations was, therefore, made by selecting the inner part of the specimen plate. For TEM samples, cylindrical rods (3 mmf) were trepanned along transverse direction (TD) and rolling direction (RD) from rolled sheets by spark cutting, and they were sliced into disks with 1 mm thickness. Those disks were mechanically polished and electro-polished into foils by a usual twin-jet technique. Two kinds of specimens were prepared: the foil surface of one sample was parallel to the transverse plane of the rolled sheet, and another one was parallel to the longitudinal plane. TEM observations were carried out using JEM-200CX operated at 200 kV in the HVEM laboratory at Kyushu University. Local orientations in microstructures were measured by using selected area diffraction (SAD). Figure 1 shows a typical bright-field (BF) image of a microstructure observed in the longitudinal section at the strain of 70 % thickness reduction. Here, the specimen foil normal is parallel to the transverse direction (TD), and the rolling direction (RD) is indicated in the bottom left of the figure. This image is generally separated into three parts: the upper and lower parts of bright regions and the middle part of a dark region including many white bands. The boundaries between those bright and dark regions are lying almost horizontally, i.e., along RD. Such bright and dark contrasts indicate that the diffraction condition of the middle part is different from those of the others; the incident beam direction of the dark region in the middle part was taken to be near ͗110͘, while, in the upper and lower parts, some deviations from the ͗110͘ incidence were observed in their diffraction patterns. It is thus understood that initial grain boundaries are lying between bright and dark regions which correspond to deformed grains elongating along the RD. Note here that the thickness of middle dark area is about 30-40 mm, which agrees with the consequent thickness of deformed grains rolled by 70 % thickness reduction, since the average initial grain size of employed 310S steel before rolling is around 100 mm. In the middle grain, many white bands are seen along the direction inclined by 30-40 degrees to the RD. Those bands correspond to so-called shear bands (SBs) where intense shear deformation occurred during cold-rolling. A few prominent SBs penetrate the grain from the upper boundary to the lower one.
Results and Discussions
Figure 2(a) shows an enlarged bright-field image around a grain boundary observed along RD in a 310S specimen cold-rolled by 70 % thickness reduction. It was also obtained from a longitudinal section. An illustration simplified from Fig. 2(a) is exhibited in Fig. 2(b) , where the shaded region lying horizontally includes a initial GB nearly parallel to RD. The upper and lower grains are labeled A and B, respectively. In order to examine the local crystallographic orientations of each characteristic microstructure observed in the micrograph, we took selected area diffraction (SAD) patterns of the circled areas indicated in Fig.  2(b) . The SAD patterns obtained are shown in Figs. 2(c)-
It is well known that deformation twinning easily occurs in fcc metals with very low stacking fault energies. In and matrix thin layer. On the other hand, the SAD pattern in Fig. 2 (f) does not exhibit such double spot pattern but a diffraction pattern close to that of the ͗112͘ incidence, although these lamellae in grain B are the same T-M lamellae as those observed in grain A, which will be confirmed by the SAD in , suggesting that the GB should be approximately an twist boundary. Other characteristics in Fig. 2 (a) are a fine-grained structure observed in a horizontal broad band between grains A and B, and a shear band inclined about 30 degrees to RD. The area of such fine-grained structure is shaded in the illustration of Fig. 2(b) . The shear band is seen in grain A, and it comes across the horizontal broad band with the finegrained structure. Figures 2(d) and 2(e) exhibit SAD patterns obtained from the SB and the horizontal broad band, respectively. In both the SAD patterns, Debye arcs are observed, indicating that not only the SB but also the horizontal broad band consist of highly misoriented regions. From the Debye arcs of Fig. 2(e) , the orientation scattering around the incident beam direction in the horizontal broad band is estimated to be nearly 10 degree, which may correspond to the angle between ͗111͘ A and ͗111͘ B . In order to make further examination of such crystallographic relation, the area same as Fig. 2(a) was observed using different incident beam direction. Figure 3(a) shows the bright-field image, where the incident beam direction was inclined about 30 degrees from that in Fig. 2(a) , and its rotation axis was parallel to the ͗111͘ direction of grain B. In Fig. 3(a) , we can see almost the same microstructures as those observed in Fig. 2(a) , although the T-M lamellae in grain A are not so clear as those in Fig. 2(a) . SAD patterns obtained from the circles in Fig. 3 In Fig. 3(c) , Debye arcs are observed, which indicates that the orientations of horizontal broad band scatter not only around TD but also around other directions being inclined to TD.
In order to investigate the 3-D aspect of microstructures, TEM observations were carried out also in the transverse section, where the specimen foil normal is parallel to the rolling direction. Figure 4(a) shows a bright-field image around a triple junction of grain boundaries observed in the transverse section. The transverse direction (TD) is indicated in the bottom right. A brief illustration for Fig. 4(a) is shown in Fig. 4(b) , where three grains observed are labeled A, B and C respectively. SAD patterns from the circled areas in Fig. 4 axis is nearly parallel to ͗211͘ which is the common incident beam direction for both SAD patterns of Figs show SAD patterns obtained from the fine-grained structure observed among those grains A, B and C (the shaded region in Fig. 4(b) ). In these two figures of 4(d) and 4(g), remarkable arcs of Debye rings appear, which indicates that highly misoriented regions are formed in this area along the grain boundary. On the other hand, along the boundary between grains A and C, no fine-grained structures are observable, suggesting that it is a sharp boundary as illustrated in Fig. 4(b) . In order to examine such characteristics of those boundaries in more detailed, we employed a darkfield (DF) mode as well as BF. Figure 5 (a) shows a BF image around the boundary between grains A and C shown in Fig. 4(a) . Lamellar structures appear in both grains, and the direction of the lamellae is sharply changed at the boundary. Figure 5(d) shows a SAD pattern obtained from the area just on the boundary, i.e., the area including adjacent two grains of A and C. The SAD pattern exhibits the superposition of a couple of ͗211͘ diffraction patterns of grains A and C. Dark-field (DF) images of the same area of Fig. 5(a) are shown in Figs. 5(b) and 5(c), where those DF images are obtained using the diffraction spots indicated by white arrows in the diffraction pattern. In these DF images, a very sharp boundary is observed, and no noticeable microstructures appear around the GB, although the boundary seems to be slightly serrated. Figure 6 (a) shows a BF image of the right side of the triple junction in Fig. 4(a) . In the upper left of the figure, the sharp boundary between grains A and C is seen. Figure  6 (b) exhibits a SAD pattern obtained from the area indicated by the white circle in Fig. 6(a) . The area surrounded by the white circle includes the fine-grained structure formed along the GB between grains B and C. Figures 6(c) and 6(d) show DF images obtained using the diffraction spots indicated by the white arrows labeled (c) and (d) in Fig.  6(b) , respectively. In both figures of 6(c) and 6(d), the images are separated into two areas: in Fig. 6(c) , a bright area is seen in the bottom left and the remaining becomes dark, while in Fig. 6(d) they are reversed. Although bright and dark areas are reversed in these two DF images, the border between the two areas is lying at the same position. This suggests that the initial grain boundary lies along this border, and the fine-grained structure along the grain boundary (shaded region in Fig. 4(b) ) was formed in the upper side of the initial grain boundary, i.e., in the bottom part of grain C (see Fig.4 (b) ).
In order to examine further details of the fine-grained structure formed between grains B and C, SAD patterns obtained from this area were examined more precisely. Fig. 6(h) . This indicates that the fine-grained structure formed along the boundary between grains B and C is not a simple addition of grains B and C, which suggests that new grains with characteristic orientations must be formed in the fine-grained structure along the grain boundary.
Figures 7(a) and 7(b) show enlarged BF and DF images respectively for the same area near the grain boundary between grains B and C in Fig. 4(b) . The trace of initial grain boundary is indicated in Fig. 7(a) . The upper and lower regions with respect to this grain boundary correspond to grains C and B, respectively. The DF image in Fig. 7(b) was observed using the extra spot pointed by the black arrow in Fig. 6(h) . It is to be noted in Fig. 7(b) that the grain-like bright regions are observed in the upper side of the grain boundary, i.e., grain C. Those grains are seen to be somewhat elongated along TD. Thus, it is confirmed by this observation using a DF mode that fine-grained structure is formed along the grain boundary, and some of the fine grains have characteristic orientations which are different from those of the neighboring areas. Such fine-grained structure developed along the grain boundary was clearly observed also in the longitudinal section by employing higher magnifications than those of Figs. 1-3. Figure 8 shows an image obtained using the higher magnification, where the rolling direction is almost parallel to the horizontal one. This image is clearly separated into two parts: T-M lamellae in the lower part and a fine-grained structure in the upper part. The fine grains in the upper part is not equiaxed but somewhat elongated along RD. The width and length of each grain observed are 0.1-0.5 mm and 1-2 mm, respectively. Comparing those grain size with the T-M lamellar spacing seen in the lower part, the size of the fine grains is larger than the lamella spacing. Very similar feature was observed at the border of shear bands and T-M lamellae, 7) where both the width and length of fine grains in shear bands were always larger than the lamella spacing. This suggests that the same mechanism as that of shear band formation may operate to form a fine-grained structure along grain boundaries.
Figures 9(a) and 9(b) show brief illustrations for the formation process of fine-grained structures associated with shear bands. At the strain of 70 % thickness reduction, as was observed in Fig. 2(a) , T-M lamellae are oriented almost parallel to the RD. Under such condition, further deformation due to twinning or slip along the {111} plane parallel to the T-M lamellae is suppressed, which activates the slip on the {111} planes intersecting with the lamella boundary in both the matrix and the twinned regions. Such slip activation causes the accumulation of high density of dislocations at the boundaries, as illustrated in Fig. 9(a) . Moreover, the dislocations accumulated at the neighboring boundaries should have opposite sign to each other, since the sense of the crystal rotation in the twinned layers must be opposite to that in the matrix. In order to relieve the highly accumu- lated strain energy, mutual annihilation of neighboring boundaries with opposite sense may occur locally, resulting in the formation of a kind of new grains, i.e., a fine-grained structure, [7] [8] as illustrated in Fig. 9(b) . Such formation of fine-grained structure must be enhanced in the area along grain boundaries because of the additional stress due to the constraint at GBs. In particular, they are preferentially formed at the intersection of GBs with SBs, as observed in Fig. 3 . This suggests that intensive shear deformation in SBs causes a stress concentration at the intersection of SBs with GBs, assisting the destruction of T-M lamellae and the evolution of fine-grained structures. Figure 10 schematically shows the aspect of the destruction of T-M lamellae in a crystal grain which is elongated along RD by rolling. Here, T-M lamellae are still dominant as a background structure, but the grain is divided into small blocks by the multiplication of shear bands being inclined by around 35°to RD. In this situation, a finegrained structure is developed not only in shear bands but also in the areas along the grain boundary being almost parallel to the RD. The reduction of specimen thickness due to rolling increases the area of grain boundaries being parallel to the rolling plane, which causes the intersection of shear bands and such grain boundaries parallel to the RD with high frequency. These intersections of GBs with SBs trigger the destruction of T-M lamellae, and the fine-grained areas extend along grain boundaries, as illustrated in Fig.  10 . Thus, the collapse of T-M lamellae continues by the multiplication of shear bands and associated grain refinement along grain boundaries, and finally a fine-grained structure becomes a dominant structure in the whole grain.
Conclusions
Characteristics of deformation microstructures evolved by cold-rolling in 310S austenitic stainless steels have been investigated by using transmission electron microscopy. Particular emphasis is laid on the transmutation of twin-matrix (T-M) lamellae into fine-grained structures in the areas along initial grain boundaries. The results obtained are the following:
(1) It was revealed by TEM observations of both longitudinal and transverse sections that submicron-sized finegrained structures were formed along initial grain boundaries. Such fine-grained structure is similar to that observed in shear bands.
(2) SAD patterns obtained from the fine-grained structure along grain boundaries exhibited Debye-arcs, indicating a large scattering of orientation, i.e., highly misoriented regions are formed in those areas. Precise examination of those SAD patterns indicates that new grains with characteristic orientations which are different from those of neighboring areas are formed in such fine-grained region.
(3) In longitudinal section, the width and length of each grain in the fine-grained areas are 0.1-0.5 mm and 1-2 mm, respectively. Those grain sizes were larger than the neighboring twin-matrix lamella spacing. This suggests that the collapse of T-M lamellae and one kind of grain growth occur during the formation of such fine-grained structure.
(4) Fine-grained structures tended to be preferentially formed at the intersection of GBs with SBs, and they developed along the GB lying nearly parallel to rolling plane. This suggests that the intensive shear due to the formation of shear bands causes a stress concentration at the intersection of SBs and GBs, which enhances the destruction of T-M lamellae and evolution of such fine-grained structures. 
